Employing ab initio calculations, we discuss chemical, mechanical, and dynamical stability of MoN-TaN solid solutions together with cubic-like MoN/TaN superlattices, as another materials design concept. Hexagonal-type structures based on low-energy modifications of MoN and TaN are the most stable ones over the whole composition range. Despite being metastable, disordered cubic polymorphs are energetically significantly preferred over their ordered counterparts. An indepth analysis of atomic environments in terms of bond lengths and angles reveals that the chemical disorder results in (partially) broken symmetry, i.e., the disordered cubic structure relaxes towards a hexagonal NiAs-type phase, the ground state of MoN. Surprisingly, also the superlattice architecture is clearly favored over the ordered cubic solid solution. We show that the bi-axial coherency stresses in superlattices break the cubic symmetry beyond simple tetragonal distortions and lead to a new tetragonal ζ-phase (space group P4/nmm), which exhibits a more negative formation energy than the symmetry-stabilized cubic structures of MoN and TaN. Unlike cubic TaN, the ζ-TaN is elastically and vibrationally stable, while ζ-MoN is stabilized only by the superlattice structure. To map compositional trends in elasticity, we establish mechanical stability of various Mo1−xTaxN systems and find the closest high-symmetry approximants of the corresponding elastic tensors. According to the estimated polycrystalline moduli, the hexagonal polymorphs are predicted to be extremely hard, however, less ductile than the cubic phases and superlattices. The trends in stability based on energetics and elasticity are corroborated by density of electronic states.
I. INTRODUCTION
Transition metal nitrides (TMNs) represent a prominent class of materials possessing numerous outstanding physical properties, such as excellent chemical and thermal stability, incompressibility and strength, high melting point, good thermal and electric conductivity or superconductivity [1] [2] [3] [4] . In order to enhance the performance of these materials, considerable efforts have been devoted to investigate the possibility of fine tuning the mechanical and/or electrical properties by designing ternary or multinary TMN systems [5] [6] [7] [8] [9] [10] . The addition of nitrogen atoms into the high-density electronic gas of transition metals together with the covalent bonding to nitrogen atoms leads to extraordinary hardness [11] [12] [13] . For example, the hardness of MoN ranges from 28 to 34 GPa 14 , while for TaN it ranges from 30 to 32 GPa 15, 16 . According to Teter's empirical correlation 17 , hardness scales with shear modulus. Later, Chen et al. 18 proved that hardness also correlates with bulk modulus. The ab initio calculated bulk moduli are 392 GPa 19 and 348 GPa 20 for the hexagonal ground states of MoN and TaN, i.e., NiAs-type MoN (NiAs prototype, P6 3 /mmc, #194, conventionally termed as δ-MoN) and TaN-type TaN (TaN prototype, P62m, #189, conventionally termed as π-TaN), respectively. These values are comparable with the 370 GPa of the cubic boron nitride 21 or even with the 443 GPa of diamond 22 , the hardest material to date.
Despite being metastable, the cubic modifications of MoN and TaN (Fm3m, #225), referred to as rocksalt structure (rs), have been synthesized using nonequilibrium growth techniques such as reactive magnetron sputtering in high nitrogen partial pressure atmosphere, nitrogen ion implantation, or low energy ion assisted deposition 14, [23] [24] [25] [26] [27] [28] [29] . Importantly, some properties of the metastable cubic variants are comparable with, or even superior to those of the ground state phases, e.g., cubic TaN prepared by shock and static compression was shown to have very good high-temperature stability comparable to that of the hexagonal WC-type phase 26 . Other experimental studies 25, 30 suggest that cubic molybdenum nitride is promising as a superconductor. The ab initio predicted transition temperature for the rs-MoN is 29 K 31 , which is the highest of all refractory carbides and nitrides 14 . Although considerable effort has been devoted to Mo-N and Ta-N, the quasi-binary MoN-TaN system has been rarely studied 32, 33 . Restricting only to cubic system, Bouamama et al. 32 performed DFT calculations on both (fully) ordered and disordered Mo 1−x Ta x N. The virtual crystal approximation (VCA) used to model the dis-ordered phase in their study, however, is the simplest approach for dealing with alloying effects, since it neglects any possible short range order. Therefore, it is desirable to employ more sophisticated approaches closer to reality, e.g., the special quasirandom structure (SQS) method 34 . In the present study, we systematically investigate phase stability and elastic properties of Mo 1−x Ta x N alloys adopting cubic NaCl-type (Fm3m, rocksalt) or hexagonal NiAs-type (P6 3 /mmc, ground state of MoN), WC-type (P6m2, low-energy phase of MoN), and TaNtype (P62m , ground state of TaN) structures. Considering both (partially) ordered and the SQS-generated disordered structures alongside with MoN/TaN superlattices as another materials design concept, a careful structural analysis of the fully relaxed systems is carried out and discussed in the context of their chemical stability and elastic properties.
II. CALCULATION DETAILS
The Vienna Ab-initio Simulation Package (VASP) 35, 36 was used to perform the DFT calculations, employing the projector augmented plane wave (PAW) pseudopotentials under the generalized gradient approximation (GGA) 37 with a Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional 38 . The plane-wave cutoff energy was always set to 700 eV and the k-vector sampling of the Brillouin zone was checked to provide a total energy accuracy of about 10 −3 eV/at. The Mo 1−x Ta x N solid solutions were assumed to adopt the cubic structure with NaCl prototype (Fm3m, #225, B1-type), often referred to as rocksalt (rs), and the hexagonal structures with NiAs (P6 3 /mmc, #194), WC (P6m2, #187), and TaN (and P62m, #189) prototypes, respectively. Supercells with 64 lattice sites (32 metal and 32 nitrogen atoms) were used to model the cubic systems, while supercells consisting in total of 32, 54, and 72 lattice sites modeled the NiAs-type, WC-type, and TaN-type hexagonal systems. The Ta (Mo) atoms were distributed on the metal sublattice of bulk MoN (TaN) in a disordered manner employing the SQS method 34 . Additionally, ordered rocksalt Mo 1−x Ta x N structures were constructed from a conventional cubic B1 cell (8 lattice sites) containing one or two metal atoms of a different type, i.e., one or two Mo (Ta) in 8-atom TaN (MoN), and subsequently expanded to 2 × 2 × 2 supercells. Various (partially) ordered compositions were obtained from the fully ordered 2 × 2 × 2 supercells with 25% or 50% of Mo (Ta) atoms by arbitrarily replacing them by metal atoms of the other type, i.e., Ta (Mo), to obtain the desired Mo-to-Ta ratio. The 1 × 1 × 2, 1 × 1 × 4, 1 × 1 × 6, and 1 × 1 × 8 NaCl-type supercells consisting of an equal amount of both MoN and TaN shown in Fig. 1 served as models for MoN/TaN superlattices with (001) interfaces. These supercells were also used to model superlattices with various MoN-to-TaN ratios, i.e., (MoN) 1−x /(TaN) x , by occupying complete atomic planes by either Mo or Ta atoms and keeping the number of interfaces per supercell. The applied periodic boundary conditions produced the superlattice geometry with a bi-layer period in the range of 4.5-18 Å.
FIG. 1.
Computational models for 1×1×2, 1×1×4, 1×1×6, and 1 × 1 × 8 NaCl-type MoN/TaN superlattices. The yellow, green, and blue spheres correspond to N, Ta, and Mo atoms, respectively. Visualized using the VESTA package [39] [40] [41] .
Lattice parameters of the binary bulk MoN and TaN in the NaCl-, NiAs-, WC-, and TaN-type modifications were optimized by fitting the energy versus volume data with the Birch-Murnaghan equation of state 42 , while all structure optimisations in the Mo 1−x Ta x N and (MoN) 1−x /(TaN) x systems were carried out by relaxing supercell volumes, shapes, and atomic positions.
To compare various systems in terms of their chemical stability, energy of formation, E f , was calculated as
where E tot is the total energy of the supercell, n s and µ s are the number of atoms and the chemical potential, respectively, of a species s. The reference chemical potentials for Mo, Ta, and N are conventionally set to the total energy per atom of bcc-Mo, µ Mo , bcc-Ta, µ Ta , and N 2 molecule, µ N , respectively. The mixing enthalpy, H mix , was evaluated according to
where E MoN f and E TaN  f are the formation energies corresponding to reference boundary states. To find out the thermodynamics of the (MoN) 1−x /(TaN) x superlattices, the interface energy, E int , was calculated as
where A is the area of the MoN/TaN interface and E 43, 44 . Fourth-order elasticity tensor C, sometimes referred to as stiffness, relates stress, σ, linearly to strain, ε, according to the Hooke's law
We note that instead of using fourth-order tensor C in a three-dimensional space, it is often convenient to replace it with a 6 × 6 matrix. In the following, C will represent this matrix of elastic constants in the so-called Voigt's notation. To evaluate elastic constants corresponding to structures with arbitrary symmetry, we adopt the methodology proposed by Moakher and Norris 45 . First, the squared norm of the elasticity matrix C is defined as
The scalar product C, C can be calculated in various ways depending on how C is represented. Assuming the Euclidean metrics and the case of 2D representation, Eq. 5 takes form
Aiming to simplify the general 6 × 6 matrix C = (C ij ) with 21 independent elements, we wish to project in onto a convenient symmetry class and hence, decrease the number of independent elastic constants. Thus we search for a matrix C sym of a specific symmetry class such that the norm
is minimal. In other words, we minimize the Euclidean distance between the matrix of elastic constants, C, with an arbitrary symmetry and the elasticity matrix C sym of some particular symmetry. Finally, we calculate phonon spectra of selected systems using the Phonopy package 48 .
III. RESULTS AND DISCUSSION
A. Chemical stability Figure 2 depicts the energy of formation, E f , as a function of x in cubic (disordered and partially ordered) and hexagonal-structured Mo 1−x Ta x N solid solutions. Clearly, the hexagonal polymorphs are preferred along the MoN-TaN quasi-binary tie-line, i.e., with fully occupied metal and nitrogen sublattices. In particular, Mo 1−x Ta x N is predicted to adopt the NiAs-, WC-, and TaN-type structure for x in intervals of ∼(0,0.3), ∼(0.3,0.9), and ∼(0.9,1), respectively. Very close values of E f obtained for the TaN-type and the WC-type phases for x in the interval of ∼(0.9,1) suggest a possible coexistence of these two polymorphs for high Ta content. When restricting to the cubic-like systems, the fully disordered Mo 1−x Ta x N constructed according to the SQS method exhibits the lowest E f , closely followed by the superlattices, in particular for the Ta-rich compositions. The partially ordered cubic solid solution is predicted to be the least stable out of the here considered structures.
The mixing enthalpy, H mix , evaluated according to Eq. 2 is presented in Fig. 3a for the cubic systems. It follows that all cubic solid solutions are predicted to be stable against isostructural decomposition, because their H mix is negative. However, since the cubic binary polymorphs are not the respective ground states of MoN and TaN (cf. 
B. Structural analysis of ordered and disordered solid solutions
The shape of the H mix curve for the disordered cubic solid solution is somehow surprising, because it shows an almost linear compositional dependence, which suggests a significant deviation from H mix = 0 when extrapolated to x = 0 (cf. Fig.3a ). Since this is supposed to be an isostructural case, H mix should be 0 for x = 0, as Eq. 2 implies. A possible explanation for this deviation is, that due to atomic relaxations present in the solid solution, the structure is significantly modified and hence does not present an isostructural case with the NaCl-type binary boundaries. Therefore, we analysed local environments of the ordered and disordered solid solutions and compared them with the cubic NaCl-type and the hexagonal NiAs-, WC-, and TaN-type phases of MoN and TaN. A common attribute of all these polymorphs is that every metal atom has 6 nearest N neighbours. Hence, 6 distances, 
Let us introduce the ith lowest averaged distance, D i ,
where
denotes the ith lowest distance corresponding to the jth metal atom in the supercell, i.e., the distance between the jth metal atom and its ith nearest nitrogen neighbour. M is the number of metal atoms included in the analysis. Similarly, the kth lowest averaged angle, φ k , takes form
where φ atj k denotes the kth lowest angle corresponding to the jth metal atom in the supercell. Aiming on quantifying the structural (dis)similarity of the disordered cubic Mo 1−x Ta x N solid solutions with binary prototypes, we further define
where D i and D
Ref i
correspond to the ith lowest averaged distance in the cubic solid solution and in a reference structure, respectively, while the summation runs over all 6 averaged distances. Analogically, we introduce ∆Angles : = 1 15
where φ k and φ Ref k denote the kth lowest averaged angle in the cubic solid solution and in a reference system, respectively, and the summation runs over all 15 averaged angles. It is important to mention that the local environments of Mo and Ta atoms in Mo 1−x Ta x N were analysed separately, i.e., M in Eqs. 8 and 9, was either the number of Mo or Ta atoms; the later (former) case was compared with local environments in binary MoN (TaN) in a corresponding reference structure.
Results of the analysis according to the Eqs. 10 and 11 are plotted in Fig. 4 . The first interesting observation is that the angles in disordered Mo 1−x Ta x N differ from all binary systems by about 4-15%, thus much more significantly than the distances, which differ by 1-5%. Regarding ∆Angles, the lowest values ∼ 5% are obtained when evaluated with respect to NiAs-type structure, the ground state of MoN. Nevertheless, evaluation with respect to cubic NaCl-type polymorph yields very close values as well, with ∆Angles between 6 to 7%. On the contrary, evaluation with respect to WC-type and TaN-type phases results in significantly high ∆Angles of ∼ 15%, and hence, we conclude that the angles in disordered Mo 1−x Ta x N are rather dissimilar to these two hexagonal modifications. Moreover, the trends are supported also by error bars, which are relatively small for the NiAsand NaCl-type reference systems, but are almost doubled when referring to the WC-and TaN-type polymorphs. We note that the ϕ k angles are 90
• or 180
• in the cubic rocksalt structure, while they take values of ∼ 82
• , 98
• , and 180
• in the NiAs-type structure, ∼ 80
• , 84
• , and 136
• in the TaN-type structure, and ∼ 82
• in the WC-type structure. Unlike that, ϕ k s in the disordered Mo 1−x Ta x N are changing gradually from ∼ 77
• to ∼ 105
• , independent of the composition x. Unfortunately, ∆Dist cannot be interpreted that easily, since all the values are rather small and comparable, regardless of the reference structure. While D i s evaluated in any of the binary reference structures yield the same value for each system due to the symmetries, the disordered Mo 1−x Ta x N is characterised by six distinct D i s stemming from the local structural relaxations. Nevertheless, the best agreement (by a small margin regarding both the ∆Dist values as well as the error-bars) is obtained again for the cubic NaCl-type and the hexagonal NiAstype phase, especially for the Ta atoms.
Therefore, our structural analysis of the disordered cubic Mo 1−x Ta x N solid solution shows that the symmetries of a rocksalt lattice are partially broken due to the chemical disorder. Consequently, the disordered phase is structurally between the cubic NaCl-type and the hexagonal NiAs-type modifications. This rationalises the peculiar compositional dependence of E f corresponding to the disordered cubic Mo 1−x Ta x N ( Fig. 2) , which is almost perfectly between the E f values of the (partially) ordered cubic and the NiAs-type hexagonal systems.
C. Superlattice architecture
The energy of formation of the (MoN) 1−x /(TaN) x superlattices was predicted to lie close to E f of the disordered Mo 1−x Ta x N solid solutions (Fig. 2) . Furthermore, the corresponding interface energies, E int , are negative with respect to the cubic phases. These hints indicate that again the symmetries are (partially) broken, i.e., the superlattices are not composed of simply tetragonallydeformed cubic cells. Indeed, a further analysis of fully relaxed (MoN) 1−x /(TaN) x reveals not only a tetragonal deformation (Fig. 5) , but also additional atomic displacements, which further break the tetragonal symmetry.
The tetragonal-like structures of the two binaries, MoN and TaN, were constructed out of 1 × 1 × 2 MoN/TaN superlattice, and were fully relaxed until the forces on individual atoms were less than 0.01 eV/Å. A subsequent structural analysis showed that both these newly proposed phases of MoN and TaN, which will be hereafter referred to as ζ-MoN and ζ-TaN, possess the space group P4/nmm (#129). The corresponding lattice parameters together with the atomic positions are summarized in Table I. The calculated formation energies of ζ-MoN and ζ-TaN are −0.178 eV/at. and −0.982 eV/at., respectively. Therefore, the ζ-phase is predicted to be more stable than the rocksalt structure for both MoN and TaN, exhibiting E f of −0.008 eV/at. and −0.887 eV/at., respectively. In order to reveal the driving force for the tetragonal distortion leading to the cubic-to-ζ transition in MoN and TaN, we calculated their phonon spectra (Fig. 6) . The phonon density of states and phonon dispersion relation of ζ-TaN do not show any imaginary phonon frequencies (unlike in the case of rs-TaN), hence implies also its mechanical stability (which was further confirmed by testing that the corresponding matrix of elastic constants is positive definite, see Section III D). Further relaxation following the soft phonon modes in ζ-MoN leads to another low-symmetry structure, a monoclinic ω-MoN (P2 1 /m, #11) with E f of about −0.2454 eV/at, therefore, comparable to that of rs-Mo 0.91 N 50 . However, this phase is not relevant for the superlattices as it is forbidden by the superlattice tetragonal symmetry.
The interface energy, E int of the (MoN) 1−x /(TaN) x superlattices, evaluated with respect to our newly proposed ζ-TaN and ζ-MoN is close to 0 eV/Å 2 . Moreover, E int becomes positive, when evaluated with respect to ζ-TaN and ω-MoN. Such values of E int can be better physically interpreted and agree well with the previously discussed chemical stability (cf. Fig. 2 ).
D. Elastic properties
Tensors of elastic properties represented using symmetrical 6 × 6 matrices C were calculated for selected Mo 1−x Ta x N systems at 5 different compositions, namely, for x ∈ {0, 0.25, 0.5, 0.75, 1}. As these systems belong to different crystal symmetry classes, and moreover, their symmetries are often broken due to the chemical disorder and/or architecture, it is desirable to pay special attention to unifying the method for analyzing their elastic response. Therefore, the mechanical stability was tested employing the condition (iii) in Section II, i.e., that the lowest eigenvalue, λ min , corresponding to the (unprojected) matrix C, must be positive.
The results presented in Fig. 7a reveal that all hexagonal Mo 1−x Ta x N phases are mechanically stable in the whole compositional range, i.e., the corresponding λ min is always positive. Mechanical stability of the ordered cubic variant depends strongly on the Ta content. This finding is consistent with the previous ab initio study by Bouamama et al. 32 showing that ordered cubic Mo 1−x Ta x N becomes stable for x > 0.27. On the contrary, the disordered Mo 1−x Ta x N is predicted to be stabilized by introducing already ∼ 10% of Ta, i.e., for x ≥ 0.1, which again highlights a strong stabilizing role of the chemical disorder in rocksalt structure. Comparable phenomena of stabilizing effects of chemical disorder have been recently shown also for TiAl intermetallic alloys 51 . Besides, trends similar to the ordered cubic Mo 1−x Ta x N were predicted in the case of (MoN) 1−x /(TaN) x superlattices, which yield λ min > 0 for TaN fractions ≥ 50%. Nevertheless, their mechanical stability strongly depends on the actual bi-layer period: considering a TaN-to-MoN ratio of 1:1, the 1 × 1 × 2 superlattice is unstable, the 1 × 1 × 4 superlattice is stable, while the 1 × 1 × 6 superlattice is again close to instability. It should be pointed out that all here-considered modifications of TaN, including the newly proposed tetragonal ζ-TaN, are mechanically stable. Unlike that, MoN is predicted to be stable in the hexagonal NiAs-type and WC-type structures, but unstable in the rocksalt and the tetragonal ζ-type modifications, and nearly unstable (λ min ∼ 0) in the hexagonal TaN-type structure (the ground state of TaN).
In order to decrease the number of generally 21 independent elastic constants (being a consequence of the low symmetry originating from the local chemical disorder), we search for the closest tensor C sym with a higher symmetry. This is done by minimizing the Euclidean distance C−C sym (cf. Eq. 7), thereby representing the best projection of C. In total we considered three symmetries: cubic, tetragonal, and hexagonal, while the corresponding projections were denoted by C cub , C tetr , and C hex , respectively (Fig. 7, b-d) . It follows that the ordered Mo 1−x Ta x N is either cubic, or tetragonal. The similarity to tetragonal structure may appear surprising at the first sight, but can be easily related to the structural order. Moreover, C tetr has 3 additional degrees of freedom in comparison with C cub , i.e., C 23 = C 12 , C 33 = C 11 , and of lattice parameters, a and c, and atomic coordinates (x, y, z) C 66 = C 44 , hence, tetragonal projection can minimize distance from C of cubic system, but the cubic projection will never minimize the distance from C of tetragonal system. As a consequence of further reducing the crystal symmetry, e.g., to orthorhombic (C orth ), monoclinic (C mon ) or triclinic (C tri ), the corresponding Euclidean distance can get even smaller. Regarding the disordered Mo 1−x Ta x N, the norm C − C sym does not exhibit any pronounced minimum for either of the high symmetry classes, i.e., C cub , C hex , and C tetr , as it generally yields "distance" 50-150 GPa regardless of the Ta concentration. Interestingly, the distances from C orth , C mon , and C tri of about 40-100 GPa are also non-negligible. This can be interpreted as a sign of (partially) broken symmetry, thus supporting our previous conclusions. In the case of hexagonal systems, the calculated elastic tensors exhibit large deviations from a strict cubic symmetry, but are very close to hexagonal and tetragonal symmetry. The latter is a consequence of the fact that an elastic tensor with the hexagonal symmetry may be viewed as a special case of the tetragonal symmetry 52 . Regarding (MoN) 1−x /(TaN) x superlattices, projection onto tetragonal symmetry class is clearly favored over the cubic and hexagonal ones, and this trend becomes more pronounced with increasing Ta concentration, i.e., C − C tetr decreases from 135 GPa (ζ-MoN) to 12 GPa (ζ-TaN).
Based on this analysis, the calculated elastic tensors were projected onto the closest tensor of higher symmetry class, excluding trigonal, orthorhombic, monoclinic and triclinic symmetry, and the results are listed in Table  II . Elastic constants corresponding to the binary MoN and TaN systems are in agreement with the previously published values.
Finally, we calculated the polycrystalline bulk (B), shear (G), and Young's moduli (E) using the projected elastic tensors. We represent them with the Hill's average 57 of the upper bounds according to the Reuss's approach (subscript "R") 58 and the lower Voigt's bounds (subscript "V") 59 . General formulae for R and V estimates of B and G can be found in Ref. 9 . Young's modulus was evaluated as
The compositional dependence of B, G, and E (Fig. 8) for the ordered cubic Mo 1−x Ta x N are in good agreement with previous ab initio study by Bouamama et al. 32 reporting that their bulk modulus slightly increases from 306 GPa (MoN) to 373 GPa (TaN). Our calculations yield an increase in B from 325 GPa (MoN) to 340 GPa (TaN), which agrees better with the 347 GPa obtained for NaCltype TaN by Zhao et al. 56 . The hexagonal NiAs-type and WC-type structures show slightly higher B values. Specifically, B of the NiAs-structured MoN is approximately 350 GPa, which is comparable with 370 GPa re-ported for the cubic boron nitride (c-BN) 21 , the second hardest material to date. The bulk moduli of the disordered cubic-like solid solutions are about 30 GPa below those of the ordered modifications, but comparable to the hexagonal TaN-type system. The disordered cubiclike alloys exhibit almost the same shear moduli, G, of ∼ 110 GPa, regardless of their Ta content; all other systems show an increase of G with increasing Ta content. The shear moduli increase from 188, 165 and 34 GPa to 204, 239 and 182 GPa in the case of NiAs-, WC-and TaN-type phases, respectively. Here, especially the ordered cubic phase shows a steep increase in G from 44 to 126 GPa when increasing the metal-fraction of Ta from 25 at% (i.e., Mo 0.75 Ta 0.25 N) to 100 at% (i.e., TaN), which is in good agreement with Bouamama et al. 32 . The Young's moduli, E, show comparable changes with the composition as the shear moduli, and increase for the hexagonal NiAs-, WC-, and TaN-type systems from 474, 428 and 98 GPa to 507, 580 and 456 GPa in the case of NiAs-, WC-, and TaN-type system, respectively. The disordered solid solutions exhibit nearly the same E moduli with ∼ 294 GPa for all compositions. Contrary, the ordered cubic phases show a significant increase in E from 125 to 338 GPa, when increasing the metal-fraction of Ta from 25 at% (i.e.,Mo 0.75 Ta 0.25 N) to 100 at% (TaN). Although E f of the hexagonal NiAs-, WC-and TaN structured Mo 1−x Ta x N polymorphs are similar for x = 0.5 (cf. Fig. 2 ), only the latter two exhibit the highest (and comparable) B, G, and E moduli. Unlike that, elastic moduli of the TaN-type can be rather compared to the ordered cubic systems and superlattices, which can be rationalized by the fact that MoN in the TaN-type structure is almost mechanically unstable.
To rate the ductile/brittle behaviour of our MoN-TaN systems, we used the B/G ratio proposed by Pugh 60 (also termed as Pugh's ratio). The higher the B/G ratio is, the more ductile the material behaves; the critical value separating ductile and brittle materials is ∼ 1.75 60 . Here, especially the (MoN) 1−x /(TaN) x superlattices are highly interesting: although they exhibit the lowest B, G, and E moduli, they are relatively ductile with B/G of 4.70 (1 × 1 × 6 superlattice) and 3.35 (1 × 1 × 4 superlattice) for x = 0.5, i.e., for equally thick TaN and MoN layers. Their ductility in terms of B/G is comparable to that of the ordered rocksalt solid solutions. The disordered cubic alloys exhibit lower B/G ratios for Ta contents above 0.5, but especially at the Mo-rich side (where the ordered alloys and superlattices are actually mechanically unstable, therefore, we do not show any data points) they provide the highest ductility of all polymorphs considered here. All three hexagonal modifications yield much lower B/G ratios, and thus are the most brittle structures considered here. Finally, we calculated Poisson's ratio, ν, which says that the material is brittle for ν < 1/3.
E. Electronic density of states
Because the total density of electronic states, DOS, is non-zero at the Fermi level, E F , all of our systems are metallic (Fig. 9) , including the newly identified tetragonal ζ-phases. The energy region from −9 to about −4 eV can be characterized by strong hybridization of the Mo(Ta)-d electrons with the N-p electrons resulting in a dominant covalent bonding character [62] [63] [64] . The region from −4 eV to the Fermi level corresponds to the remaining metal d electrons. This behavior is well demonstrated by the fact that for every polymorph, the density of states of various compositions are alike; only E F shifts due to accommodation of the extra electron (per formula unit) in MoN in comparison to TaN. This band filling leads, however, to pronounced changes around the Fermi level. All structures of TaN (but the cubic one) exhibit a local DOS minimum at E F in the case of TaN. On the contrary, MoN even shows local DOS maximum (peak) for the cubic and hexagonal TaN-type structures. These trends are perfectly in line with the previously discussed mechanical (in)stability. Typically, a distinct peak at the Fermi level is an indicator for structural instability, while a local minimum at E F suggests that the corresponding system is mechanically stable [65] [66] [67] [68] . The disordered al-loys show a noticeable increase of DOS around −1.5 eV together with a distinct minimum close to E F (Fig. 9b) . This is in strong contrast to the DOS of the ordered solid solutions (Fig. 9a) . Therefore, also in terms of their electronic structure, the disordered cubic systems are found dissimilar to the ordered ones. 
IV. CONCLUSIONS
We have carried out extensive first-principles calculations on thermodynamic, structural, mechanical and electronic properties of Mo 1−x Ta x N solid solutions in their cubic NaCl-type and hexagonal NiAs-, WC-, and TaN-type structures. These are also compared with (MoN) 1−x /(TaN) x superlattices with different layer thicknesses and MoN-to-TaN thickness ratios. The energies of formation clearly indicate that the hexagonal modifications of Mo 1−x Ta x N are the most stable ones over the whole compositional range, with a preference for the NiAs-, WC-, and TaN-type structure for composition x in the range of 0-0.3, 0.3-0.9, and 0.9-1. But especially for x between 0.9 and 1, the WC-and TaNstructures have very similar E f values. Consequently, there is no strong preference for either of them and already small changes (like defects) can prefer one over the other.
Within the metastable cubic structured systems, the disordered solid solutions and the (MoN) 1−x /(TaN) x superlattices are significantly more stable than the ordered cubic Mo 1−x Ta x N solid solutions. A careful structural analysis of bond lengths and angles clearly suggests that the disordered cubic systems (due to their broken symmetry) exhibit local similarities with the hexagonal NiAstype structure. As soon as Ta is introduced into cubic MoN in a disordered manner, the energy of formation significantly decreases due to these local hexagonal-like environments. Any further addition of Ta only leads to an almost linear change of E f .
Also the (MoN) 1−x /(TaN) x superlattices immediately deviate from their cubic symmetry, and the MoN as well as TaN layers relax towards tetragonal structures. Thereby, the formation energy is significantly reduced. These tetragonal structures, ζ-MoN and ζ-TaN, have the space group P4/nmm (#129) and energies of formation which between their cubic and hexagonal binary polymorphs. Importantly, while the cubic phases of MoN and TaN are vibrationally unstable, ζ-TaN is stable and ζ-MoN is less unstable than the cubic MoN.
The disordered cubic systems are also elastically "between" the cubic and hexagonal symmetry, due to comparable distances of their elastic tensors from cubic and hexagonal approximants. The disordered cubic and all the hexagonal Mo 1−x Ta x N systems are mechanically stable (although MoN is nearly unstable in TaN-type structure). On the contrary, the ordered cubic systems and the superlattices are mechanically stable only above a critical Ta content of ∼ 25% and ∼ 50%, respectively. The polycrystalline elastic moduli suggest that the hexagonal NiAs-and WC-phases of Mo 1−x Ta x N are significantly harder than the other modifications, but the cubic polymorphs and the sublattices are more ductile (according to Pugh's criterion and Poisson's ratio). Finally, density of electronic states underpins the conclusions on stability based on energetics and elasticity.
Our systematic and detailed study on stability, elastic and mechanical properties of various phases along the quasi-binary MoN-TaN system will guide experimental search for functional thin films with outstanding properties. 
